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Quantum entanglement underlies quantum
technologies1, and is notoriously sensitive to de-
cohering processes. For this reason, many imple-
mentations take elaborate measures to remove en-
tropy from their environments, e.g. cryogenics2
or optical cooling3–5 to reach mK to nK temper-
atures. Here we demonstrate that the opposite
strategy, actively promoting strong interactions and
thermalization, can excel in generating and pre-
serving entanglement. We work with a vapour
of 87Rb heated to 450 K and a number density of
3.6× 1014 atoms/cm3. Under these conditions random
spin-exchange collisions dominate the spin physics,
giving a single-atom coherence time of ∼ 25 µs and
rapid local spin thermalization6. This same physics
paradoxically generates a maximum-entropy many-
body state with much longer coherence time, via
the so-called spin-exchange-relaxation-free (SERF)
effect7,8. To generate and quantify entanglement
in this system, we perform optical quantum non-
demolition9,10 (QND) measurement and use Kalman
filtering techniques to reconstruct the spin dynamics
in real-time. We observe extremely efficient entan-
glement generation, including projection of at least
2.3× 1013 atoms into non-local singlet states that last
for ∼ 1.8 ms, i.e., tens of thermalization times. In
addition to breaking all records for entanglement
generation11,12, and synthesising for the first time
a many-body state resembling a spin liquid13, this
shows that the unique properties of SERF-regime
ensembles are extremely attractive for QND-based
quantum technologies, with potential applications
in quantum memories14, quantum sensing15,16 and
quantum simulation13,17–20.
Different quantum technologies require different fea-
tures of entanglement: Device-independent communica-
tion protocols21 require long-range entangled pairs, moti-
vating satellite entanglement distribution22 and quantum
repeater23 strategies. Universal quantum computing1 re-
quires entanglement of all the qubits in a register, motivat-
ing quantum error correction methods24,25. Quantum simu-
lation has still other entanglement requirements. For exam-
ple, analogue simulation17 of Anderson’s spin-liquid model
for high-temperature superconductivity13 requires an entan-
gled state in which all spins are entangled with all others,
independently of their relative positions, to form a com-
plex spin singlet. This requires both complex entanglement,
as in computing, and distributed entanglement of subsys-
tems that do not directly interact, as in quantum repeaters.
While strong cooling into entangled ground states of an en-
gineered Hamiltonian is a direct way to produce such states,
the challenges to such cooling are formidable3–5. This mo-
tivates searches for new ways to generate large-scale atomic
entanglement.
One such method is optical quantum non-demolition
(QND) measurement9,10: a beam of light is coherently cou-
pled to all of the target atoms and then measured. By
the coupling, an atomic collective observable, e.g. the total
spin of the ensemble, becomes entangled with an observable
property of the light such as phase or polarization angle.
When the light is subsequently detected, the atoms experi-
ence entanglement swapping that leaves them in a state ap-
proximating an eigenstate of the collective observable, e.g.
a Dicke state. QND measurements can be remarkably effi-
cient, for example causing 5.5× 105 atoms to form singlets
in a population of 1.1× 106 atoms11. In the quantum sim-
ulation context, QND methods were first proposed18,19 as
a means to detect and distinguish unpolarized phases con-
taining singlet-type entanglement bonds, and later shown to
also be capable of producing such phases20. QND methods
have been used to generate entanglement in low-density cold
gases11,15,16,26–30, a scenario in which inter-atomic interac-
tions are negligible.
Here we report three main advances in the use of QND
measurements to generate atomic entanglement: We show
that the method can work with hot atomic systems, that
the method can operate also when the atomic dynamics in-
clude strong local interactions, and that the entanglement
is generated nonlocally, in our case over mm length scales
whereas the nearest-neighbour distance is µm. Combining
these, we use QND measurement to generate an entangled
state with several features of the spin-liquid state: a large
number of atoms, at least 2.3× 1013 as detected by spin
squeezing inequalities, participating in long-range singlets,
in a system that is both hot and dominated by short-range
inter-atomic spin dynamics.
The atomic system is an atomic vapour of 87Rb in the
spin-exchange-relaxation-free (SERF) regime7 (see Spin dy-
namics part in Methods ). SERF-regime vapours offer the
unusual combination of high-optical depth and long coher-
ence times, both of which are important for QND measure-
ment. In ordinary atomic vapours, high number density,
and thus high optical depth (OD), implies also high deco-
herence rates, principally through spin-exchange (SE) col-
lisions. In SERF, however, the SE collisions are made to
dominate the spin dynamics through even higher densities
and low magnetic fields, leading to a kind of motional aver-
aging that prevents spin decoherence. This effect has pre-
viously been translated into orders-of-magnitude improve-
ments in the sensitivity of optical magnetometers31,32. Here
we demonstrate the utility of the SERF regime for entan-
glement generation.
The spin dynamics of dense alkali vapours33,34 is charac-
terized by a competition of several local spin interactions,
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2FIG. 1. Long-range entanglement of hot atoms. a) Physical principles: (upper panel) atomic spin ensemble (red arrows) is a
high-density alkali vapour in which hyperfine interactions and spin-exchange collisions cause rapid thermalization of electron and
nuclear spin degrees of freedom, while conserving local total spin. (middle panel) Faraday rotation probing (red beam) performs a
quantum non-demolition measurement of the collective spin of the ensemble, reducing the total spin uncertainty below the standard
quantum limit, and creating spin singlets, represented as matched-color spheres, with brackets indicating short, medium, and long-
range singlet pairs. (lower panel) a magnetic field gradient, if present, causes differential Larmor precession that converts low-noise
singlets into high-noise triplets, providing evidence of long-range entanglement. b) Experimental setup. A linearly polarized probe
beam red detuned by 44 GHz from the 87Rb D1 line, passes through a glass cell containing a hot
87Rb ensemble and 100 torr of
N2 buffer gas housed in a low-noise magnetic enclosure. The transmitted light is detected with a shot-noise-limited polarimeter (a
Wollaston prism (WP) plus differential detector), which indicates Jz, the projection of the collective spin J on the probe direction,
plus optical shot noise. A static magnetic field along the [1, 1, 1] direction causes the spin components to precess as Jz → Jx → Jy
every one-third of a Larmor cycle. In this way the polarimeter record contains information about all three components11. c)
Representative sample of polarimeter signal (blue) including both shot noise and atomic spin signal, and recovered atomic spin
signal (red) found by Kalman filtering. d) Symbols: Total variation |∆J|2 of the Kalman filter estimate as a function of decay and
applied gradient for d|B|/dz = 0 nT mm−1 (violet, bottom) to 57.2 nT mm−1 (red, top). Curves show exponential fits. The faster
loss of singlets caused by larger gradient reveals the non-local character of the generated entanglement bonds.
diffusion, and interaction with external fields, buffer gases,
and wall surfaces. Perhaps due to this complexity, to date
there has been little study of the quantum statistical prop-
erties of such dense vapours35,36. If j(k) and i(k) are the kth
atom’s electron and nuclear spins, respectively, the spin dy-
namics, including sudden collisions, can be described by the
time-dependent Hamiltonian
H = h¯Ahf
∑
k
j(k) · i(k) + h¯θn
∑
kln
δ(t− t(k,l)n )j(k) · j(l)
+h¯ψm
∑
km
δ(t− t(k)m )j(k) · d(k)m + h¯γe
∑
k
j(k) ·B (1)
where the terms describe the hyperfine interaction, spin-
exchange (SE) collisions, spin-destruction (SD) collisions
and Zeeman interaction, respectively. Ahf is the hyperfine
(HF) splitting and t
(k,l)
n is the (random) time of the n-th SE
collision between atoms k and l, which causes mutual preces-
sion of j(k) and j(l) by the (random) angle θn. We indicate
with RSE the rate at which such collisions decohere a typi-
cal atom. Similarly, the last term describes rotations about
the random direction dm by random angle ψm, and causes
spin depolarization at a rate RSD. γe = 2pi× 28 GHz T−1 is
the electron spin gyromagnetic ratio. We neglect the much
smaller i ·B coupling.
In the SERF regime we have the hierarchy Ahf  RSE 
γe|B|, RSD, with the following consequences: on short times,
the combined action of the HF and SE terms rapidly ther-
malizes the state, i.e., generates the maximum entropy con-
sistent with the ensemble total angular momentum F, which
is conserved by these interactions. We indicate this F-
parametrized max-entropy state by ρ
(th)
F . We note that en-
tanglement survives the thermalization process; for exam-
ple ρ
(th)
F=0 is a singlet and thus necessarily describes entan-
gled atoms. On longer time-scales, F experiences precession
about B due to the Zeeman term and diffusive relaxation
due to the depolarization term.
During such precession, the collective electron spin J re-
mains proportional to F, with its evolution described by the
Langevin equation (see Methods - Spin dynamics)
dJ = γJ×Bdt− ΓJdt+
√
2ΓQdW (2)
where γ = γe/q is the SERF-regime gyromagnetic ratio,
q = 6 is the nuclear slowing-down factor34, Γ is the net re-
laxation rate including diffusion, spin-destruction collisions
and probe-induced decoherence, Q is the equilibrium vari-
ance (see below) and dWh, h ∈ {x, y, z} are independent
Wiener increments.
Faraday rotation probing detects the collective electron
spin J ≡∑k j(k) by coupling to the probe polarization. On
passing through the ensemble the optical polarization ex-
periences rotation by an angle gJz(t)  1, where z is the
propagation axis of the probe and g is light-atom coupling
constant. This rotation is detected by a balanced polarime-
ter (BP), which gives a signal proportional to the Stokes
parameter
S(out)y (t) = S
(in)
y (t) + gJz(t)Sx (3)
3where Sx is the Stokes component along which the input
beam is polarized37. S
(in)
y (t) is a zero-mean Gaussian pro-
cess, whose variance is dictated by photon shot-noise and
is characterized by a power-spectral analysis of the BP
signal38.
Based on Eqs. (2) and (3), we employ the Bayesian esti-
mation technique of Kalman filtering39 (KF) to recover J(t)
as shown in Fig. 1 c). The KF (see Methods - Kalman filter)
gives both a best-estimate and a covariance matrix ΓJ(t)
for the components of J(t), which gives an upper bound
on the variances of the post-measurement state. In partic-
ular, the total variation |∆J|2 ≡ Tr[ΓJ] can be compared
against spin squeezing inequalities40–42 to detect and quan-
tify entanglement: Defining the spin-squeezing parameter
ξ2 ≡ |∆J|2/SQL, where SQL ≡ NA/2 is the standard quan-
tum limit, ξ2 < 1 detects entanglement, indicating a macro-
scopic singlet state11. The minimum number of entangled
atoms43 is (1− ξ2)NA.
The cell temperature was stabilized at 450 K to give an
alkali number density of nRb = 3.6× 1014 atoms/cm3, cal-
ibrated as described in Methods - Density calibration, and
thus NA = 5.3× 1013 atoms within the 3 cm × 0.049 cm2
effective volume of the beam. At this density, the SE col-
lision rate is RSE ≈ 41× 103 s−1. By varying B we can
observe the transition to the SERF regime, and the conse-
quent development of squeezing. Fig. 2 a) shows spin-noise
spectra (SNS)36,38, i.e., the power spectra of S
(out)
y , for dif-
ferent values of B, from which we determine the resonance
frequency ωL = γB, Γ and the vapor alkali density. Us-
ing these as parameters in the KF (see Methods - Kalman
filter), we obtain |∆J|2 as shown in Fig. 2 b), including a
transition to squeezed/entangled states as the system enters
the SERF regime. At a Larmor frequency of 1 kHz and op-
tical power 1 mW, we observe ξ2 = 0.57 or 2.4 dB of spin
squeezing, which implies at least 2.3× 1013 of the 5.3× 1013
participating atoms have entered singlets as a result of the
measurement. This number exceeds the current records for
measurement-induced entanglement11 by about eight orders
of magnitude, and entanglement generation by any means12
by about two orders of magnitude. We use this power and
field condition for the experiments described below.
We now study the spatial distribution of the induced en-
tanglement. As concerns the observable J =
∑
i j
(i), the
relevant dynamical processes, including precession, decoher-
ence, and probing, are permutationally-invariant: Eqs. (2)
and (3) are unchanged by any permutation of the atomic
states. This suggests that any two atoms should be equally
likely to become entangled, and entanglement bonds should
be generated for atoms separated by ∆z ∈ [0, L], where
L = 3 cm is the length of the cell. Indeed, such permuta-
tional invariance is central to proposals18–20 that use QND
measurement to interrogate and manipulate many-body sys-
tems. There are other possibilities, however, such as optical
pumping into entangled sub-radiant states44,45, that could
produce localized singlets.
We test for long-range singlets by applying a weak gradi-
ent B′ ≡ d|B|/dz during the cw probing process. As shown
in Fig. 1 a), bottom, singlets with separation ∆z will convert
into triplets and back at angular frequency46 Ω = γB′∆z.
The range δ∆z of induced separations then induces a range
δΩ = γB′δ∆z which describes a relaxation rate. In Fig. 1
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FIG. 2. QND detection of collective spin in the strongly-
interacting regime. a) Spin noise spectra with atomic spin signal
driven by thermal fluctuations and precessing at the Larmor fre-
quency (νL = ωL/2pi) rising above shot noise of the Faraday
rotation probe. Different spectra correspond to different bias
field strengths. Black lines are single Lorentz fits for the spectra.
Comparing the red and blue curves, we see a roughly 100-fold
improvement in signal to noise ratio (SNR) due to suppression
of SE relaxation and consequent line narrowing, which indicated
a stronger QND interaction. b) Spin variance versus Larmor fre-
quency. Black dashed line shows the noise level of thermal spin
state (TSS = 3NA/4), the black solid-line shows standard quan-
tum limit (SQL = NA/2). Round symbols show |∆J|2 measured
with 0.5 mW of probe light, corresponding to the spectra in a),
and diamonds show |∆J|2 measured with 1 mW.
d) we show the KF-estimated |∆J|2 as a function of B′
and of time since the last data point, which clearly shows
faster relaxation toward a thermal state with increasing B′.
For ∆z on the order of a wavelength, as would describe sub-
radiant states, this gives δΩ ∼ 1 s−1, even at the largest gra-
dient B′ = 57.2 nT mm−1. This clearly disagrees with ob-
servations and we conclude the singlets cannot all be short-
range. In contrast, if any pair of atoms is equally likely
to form a singlet, the r.m.s. separation ∆z = L/
√
24 im-
plies δΩ ∼ 1× 104 s−1 for B′ = 57.2 nT mm−1. Considering
the simplicity of the model used here, this plausibly agrees
with the observed additional relaxation (relative to B′ = 0)
of 2.7× 103 s−1, found by an exponential fit. We conclude
the typical singlet separation is indeed several millimeters,
which is tens of thousands times the nearest-neighbour dis-
tance.
We have demonstrated very efficient and large-scale en-
tanglement generation by quantum non-demolition mea-
surement: at least 2.3 × 1013 atoms entangled every few
milliseconds. This number exceeds previously-reported en-
tanglement records by two to eight orders of magnitude.
4More important than the number of entanglements is the
fact that it was achieved in a strongly thermalized gas, show-
ing that thermal interactions need not be deleterious to en-
tanglement production or preservation. The result is espe-
cially intriguing for quantum simulation, as it strongly mir-
rors proposals20,47 that use QND measurements on strongly-
interacting systems to detect and engineer long-range en-
tanglement of unpolarized phases resulting from frustrated
hamiltonians, e.g. spin liquids. Much work remains to be
done to fully understand the spin dynamics underlying these
observations; in the experiment a typical atom experienced
spin-exchange with its neighbours roughly forty times faster
than it became entangled with distant atoms, so no few-
body picture of the process can adequately describe the en-
tanglement dynamics. The work also shows for the first
time quantum entanglement effects in SERF-regime atomic
vapours, and showcases their potential for other QND-based
quantum technologies, including quantum memory14 and
quantum-enhanced sensing15,16 applications.
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METHODS
Balanced polarimeter signal. The photocurrent I(t)
of the balanced polarimeter shown in Fig. (1) is
I(t) = <
∫
A
dxdy S(out)y (x, y, t), (4)
where the detector’s responsivity < = qη/Eph is propor-
tional to its quantum efficiency η, charge of the electron q,
and photon energy Eph. To account for its spatial struc-
ture in Eq.(4) the integral is carried over the area of the
probe. From Eq.(3) and Eq.(4) one obtains the differential
photocurrent increment
I(t)dt = dwsn(t) + ηgN˙Jz(t)dt, (5)
where the sthochastic increment dwsn(t), due to photon
shot-noise, is given by dwsn(t) =
√
ηN˙dW with N˙ being
the photon-flux and dW ∼ N (0, dt) representing a differen-
tial Wiener increment. In our experiments the photocurrent
I(t) is sampled at a rate ∆−1 = 200 kSamples/s. To formu-
late the discrete-time version of Eq. (4) we consider the sam-
pling process as a short-term average of the continuous-time
measurement. The photocurrent I(tk) recorded at tk=k∆,
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FIG. 3. The measured full width half maximum linewidth ∆ν of
SNS as a function of ωL. The blue crosses are data and red line
is the fitting with Eq. (7).
with k being an integer, can then be expressed as
I(tk) =
1
∆
∫ tk
tk−∆
I(t′)dt′ = ξD(tk) + ηgN˙Jz(tk), (6)
where the Langevin noise ξD(tk) obeys E[ξD(t)ξD(t
′)] =
δ(t − t′)ηN˙/∆, with ∆−1 quantifying the effective noise-
bandwidth of each observation.
Density calibration. In the SERF regime, and in the
low spin polarization limit, decoherence introduced by SE
collisions between alkali atoms is quantified by7,31,34
pi∆νSE = ω
2
L
2I[−3 + I(1 + 4I(I + 2))]
3[3 + 4I(I + 1)]RSE
, (7)
where for 87Rb atomic samples the nuclear spin I = 3/2,
and ωL = γe|B|/q. In Eq. (7) the spin-exchange colli-
sion rate RSE = σSEnRbV is proportional to the alkali den-
sity nRb with proportionality dictated by the SE collision
cross-section σSE and the relative thermal velocity between
two colliding 87Rb atoms V . Using the reported value6 of
σSE = 1.9× 10−14 cm2 and V = 4.75× 104 cm/s, which is
computed for 87Rb atoms at a temperature of 450 K, we
then calibrate the alkali density by fitting the measured
linewidth ∆ν as a function of ωL. The model used consists
of ∆ν = ∆ν0 +∆νSE , where ∆νSE is given by Eq. (7), with
nRb and ∆ν0 as the free parameters. In Fig. (3) we show a
fit to the data taken at 450 K with a probe optical power of
1 mW from which we obtain nRb = 3.6× 1013 cm−3.
Spin dynamics. We model the dynamics of the av-
erage bulk spin of our hot atomic vapour in the SERF
regime31,34,48 and in the presence of a magnetic field B in
the [1,1,1] direction, i.e. B = B(xˆ + yˆ + zˆ)/
√
3, as
dJ = −AJdt, (8)
where the matrix Aij , with i, j = x, y, z, includes dy-
namics due to Larmor precession and spin relaxation, it
can be expressed as Aij = −γBxεxij + Γij with the ele-
ments of the relaxation matrix Γ proportional to T−11 and
T−12 = T
−1
1 + T
−1
SE , the relaxation rates appropriate for
spin components parallel and transverse to B, respectively.
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FIG. 4. Spin variance versus KF tracking time. The dashed
black line and solid-black line are TSS noise level and SQL for J
system, and the red curve is |∆J|2 from Kalman filter estimation.
We note that in the SERF regime the decoherence intro-
duced by SE collisions between alkali atoms is quantified by
Eq.(7)31,34.
To account for fluctuations due to spin noise in Eq. (8) we
add a stochastic term
√
σdW where dWh, h ∈ {x, y, z} are
independent Wiener increments. Thus the statistical model
for spin dynamics reads
dJ = −AJdt+√σdW (9)
where the strength of the noise source σ, the matrix A,
and the covariance matrix in statistical equilibrium Q =
E[Ji(t)Jj(t
′)] are related by the fluctuation-dissipation the-
orem
AQ+QAT = σ, (10)
from which we obtain σ = 2ΓQ. Defining the state transi-
tion matrix Φ(t, t0) as the solution to Eq. (8) and assuming
Jk−1 as the state of the spin at time t = tk−1, then the
stochastic, unconditional evolution during the time interval
tk − tk−1 = ∆ is described by the multi-normal distribution
N (Φk,k−1Jk−1, Q∆) with mean Φk,k−1Jk−1 and covariance
Q∆.
Kalman filter. We construct the estimator J˜t of the
macroscopic spin vector using the continuous-discrete ver-
sion of Kalman filtering39. This framework relies on a two-
step procedure to construct the estimate x˜t, and its error
covariance matrix Σ = E
[
(xt − x˜t)(xt − x˜t)T
]
, of the state
xt of a continuous-time linear-Gaussian process, in our case
J(t), that is observed at discrete-time intervals.
In the first step, also called the prediction step, the values
at t = tk, J˜k|k−1 and Σk|k−1, are predicted conditioned on
the process dynamics and the previous instance, J˜k−1|k−1
and Σk−1|k−1, as follows:
J˜k|k−1 = Φk,k−1J˜k−1|k−1, (11)
Σk|k−1 = Φk,k−1Σk−1|k−1ΦTk,k−1 +Q
∆
k , (12)
where Φk,k−1 and Q∆k are defined above.
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In the second step, or update step, the information gath-
ered through the fresh photocurrent observation Ik is incor-
porated into the estimate:
J˜k|k = J˜k|k−1 + Kk
(
Ik −HkJ˜k|k−1
)
(13)
Σk|k = (1 −KkHk) Σk|k−1, (14)
where Hk = [0, 0, ηgN˙ ] and the Kalman gain Kk is defined
as
Kk = Σk|k−1HTk
(
R∆ + HkΣk|k−1HTk .
)−1
. (15)
As dicussed in previous work39 the KF is initialised accord-
ing to a distribution that represents our prior knowledge
about the system at time t = t0 and fixes J˜0|0 ∼ N (µ0,Σ0).
After initialization KF estimates for the covariance matrix
Σk|k undergo a transient and once this transient has decayed
they converge to a steady state value Σss. In Fig. (4) we
observe this behaviour for the total variation |∆J|2 ≡ Tr[ΓJ]
as a function of time t = tk, where ΓJ = Σk|k.
Gradient field tests. A weak gradient magnetic field is
applied along the probe (z) direction by coils implemented
inside the magnetic shields. In Fig. (5) we plot all the
three components of |∆J|2 : |∆Jz|2 ≡ ΓJ(1, 1), |∆Jx|2 ≡
ΓJ(2, 2), and |∆Jy|2 ≡ ΓJ(3, 3), as a function of gradient
field. Here ΓJ(i, i) = Σss(i, i). We observe that the variance
of each component increases towards the TSS noise level
with gradient field. According to our experimental geometry
and KF model, at time t = tk, Jz is probed, while the
detected components Jx and Jy correspond to their states
at 1/3 and 2/3 Larmor cycle intervals earlier, therefore they
can be used to indicate the evolution of Jz in a Larmor cycle
under gradient field but without probing as shown in Fig. 1
d).
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